Abstract. B-crystallin (AJ245805) is a major protein component (20%) in the eye lens of the gecko Lepidodactylus lugubris. Limited peptide sequence analysis earlier revealed that it belongs to the aldo-keto reductase superfamily, as does the frog lens -crystallin. We have now determined the complete cDNA sequence of Bcrystallin and established that it is more closely related to the aldose reductase branch of the superfamily than to frog -crystallin. These gecko and frog lens proteins have thus independently been recruited from the same enzyme superfamily. Aldose reductase is implicated in the development of diabetic cataract in mammals, and, if active, B-crystallin might be a potential risk for the gecko lens. Apart from a replacement 298 Cys → Tyr, B-crystallin possesses all amino acid residues thought to be required for catalytic activity of the aldose reductases. However, modeling studies of the B-crystallin structure indicate that substrate specificity and nicotinamide cofactor affinity might be affected. Indeed, neither recombinant B-crystallin nor the reverse mutant 298 Tyr → Cys showed noticeable activity toward aliphatic and aromatic substrates, although cofactor binding was retained. Various other oxidoreductases are known to be recruited as abundant lens proteins in many vertebrate species; B-crystallin demonstrates that an aldose reductase-related enzyme also can be modified to this end.
Introduction
The common eye lens proteins in vertebrates are the ␣-, ␤-, and ␥-crystallins (de Jong et al. 1994; Wistow 1995) . Some 10 additional types of lens proteins are found at high concentrations in phylogenetically restricted groups of vertebrates, the so-called taxon-specific crystallins (Wistow 1995; Piatigorsky and Wistow 1991; JimenezAsensio et al. 1995; Röll et al. 1995 . All of them with the exception of iota-crystallin, which is a retinolbinding protein (Werten et al. 2000) , are related to enzymes, mostly oxidoreductases. These enzymecrystallins are often regular housekeeping enzymes, with full maintenance of enzymatic activity-a phenomenon dubbed gene-sharing (Piatigorsky and Wistow 1991) but can also be more distantly related, exhibiting little or no catalytic activity. In the latter cases, gene duplication has allowed the loss of enzyme activity in the protein product of one of the gene copies and its maintenance as a structural lens-specific protein.
A remarkable variety of taxon-specific crystallins has been detected in the lenses of diurnal geckos (Jimenez-Asensio et al. 1995; Röll et al. 1995 . This may relate to the possibility that extant diurnal geckos have evolved from nocturnal gecko ancestors independently on multiple occasions. Such a change in lifestyle would favor the recruitment in the lens of protective mechanisms against the damage of solar radiation. It has indeed been suggested that the pyridine nucleotides associated with many enzyme-crytallins protect against the deleterious effects of, especially, near-UV light (Wistow et al. 1987) or as a defense against oxidative stress (Rao and Zigler 1992) .
One of the taxon-specific crystallins has uniquely been found in lenses of the gecko Lepidodactylus lugubris, as a monomeric 38-kDa protein comprising 20% of the water-soluble lens fraction (Röll et al. 1995) . This protein was named B-crystallin, because sequencing of some tryptic peptides revealed homology with the earlier described frog lens protein -crystallin (Tomarev et al. 1984; Fujii et al. 1990; Lu et al. 1995) . The addition "B" reflects that it is the second known "aldo-keto"-like crystallin but not the orthologue of frog -crystallin. Both crystallins belong to the aldo-keto reductase superfamily, but the limited sequence evidence for B-crystallin suggested that it is more similar to aldose reductases than to frog -crystallin. The latter actually more resembles the prostaglandin synthases and hydroxysteroid dehydrogenases, although no enzymatic activity could be established (Fujii et al. 1990; Lu et al. 1995) .
In the vertebrate lens, aldose reductase is normally present only at housekeeping levels. It can convert glucose and other aldoses into the corresponding sugar alcohols, via the oxidation of NADPH, and has consequently been implicated in the initiation of diabetic complications, including cataract (Kinoshita 1990 ). However, its actual catalytic role within the cell remains contested (Crabbe and Goode 1998) , and even the ability of aldose reductase to convert glucose into sorbitol is not undisputed (for an overview see Harding 1991) . Overexpression of aldose reductase in the lenses of transgenic mice indeed results in intracellular accumulation of hyperosmotic polyols (Lee et al. 1995) . The osmotic imbalance causes disruption of lens cell membranes, which leads to cataract formation. The recruitment of active aldose reductase as an abundant lens protein in a gecko would therefore be remarkable. However, preliminary analyses on crude gecko lens extracts did not reveal an elevated aldose reductase activity, indicating that Bcrystallin might be an inactive aldose reductase homologue or that specific inhibitors are present (Röll et al. 1995) . To reconstruct the evolutionary recruitment of aldose reductase as a lens protein, we determined the complete cDNA sequence of gecko B-crystallin, compared the deduced protein sequence with other members of the aldo-keto reductase superfamily, and interpreted the observed amino acid substitutions in the context of a three-dimensional model of the B-crystallin structure. To assess its likely loss of activity, we expressed and characterized recombinant B-crystallin, as well as a mutant that was presumed to restore activity.
Materials and Methods

cDNA Preparation and Sequence Determination
Total RNA was isolated from two complete eyes of the gecko Lepidodactylus lugubris, using the lithium chloride/urea method (Auffray and Rougeon 1980) . Degenerated PCR primers were designed on the basis of the peptide sequences determined earlier (Röll et al. 1995) and taking into account the known mammalian aldose reductase nucleotide sequences in these regions. The 5Ј primer ATY YTG GGN YTG GGB ACY TGG and the 3Ј reverse primer RTA RTC NAC RTG RAA KGG RTA YTC correspond to positions 14-20 and 308-315, respectively, in the amino acid sequence (Fig. 1) . Because the upstream cDNA sequence of the coding region was absent in the resulting amplification product, the complete 5Ј-coding region was obtained using the Boehringer RACE kit. First-strand cDNA was synthesized from total RNA using the specific primer AGG TTT GTT CAA GAT TTT TTC (corresponding to positions 167-173; Fig. 1 ). This step was followed by RNAse H treatment and 3Ј addition of a poly(A) tail to the cDNA. The tailed cDNA was then amplified by PCR using the specific primer CGA GAT CCC AAC TGC TTT CAC (corresponding to positions 153-159) and an oligo(dT)-anchor primer. All PCR products were ligated into a pGEMT vector (Promega) and transfected into JM109 Escherichia coli cells. Colonies were selected by blue/white screening, and restriction digestion of plasmid DNA was used to confirm insert ligation. Constructs were sequenced using the Amersham Sequenase 2.0 sequencing kit. Three independent clones were sequenced in both directions.
Sequence Comparisons
The deduced B-crystallin protein sequence was used to search the PIR (v. 50.00), SwissProt (v. 34.0), SwissNew (v. 35.0) , TREMBL (v. 1.0), and TREMBLNEW (v. 48.0) databases with the FASTA program (Genetics Computer Group Inc., USA). Sequences with significant similarity to gecko B-crystallin were aligned using CLUSTAL-W (Thompson et al. 1994) . To detect more distantly related proteins, a profile was made based on this initial alignment and used to search the databases again. Only those sequences were retained that clearly displayed the characteristic sequence features of the aldo-keto reductases [as indicated in black in Fig. 1 (see also Jez et al. 1997; Seerey et al. 1998) ]. Phylogenetic analyses of recovered sequences were performed with the neighbor-joining method (Saitou and Nei 1987) , using the program TREECON ( Van de Peer and De Wachter 1994) . The alignment used for tree construction can be consulted at the EMBL Nucleotide sequence database (http://www.ebi.ac.uk; alignment number ds44689).
Modeling
A structural model for the B-crystallin sequence was constructed using the homology modeling procedure in WHATIF (Vriend, 1990) . The structure of human aldose reductase [PDB entry 1ADS (Borhani et al. 1992) ] was used as the template structure. A three-residue insertion in loop B (Fig. 1) was modeled by deletion of the adjacent Trp and Ala and insertion of a five-residue loop with an additional three-residue overlap at both ends, using the WHATIF loop database. Rotamers of conserved residues were left unchanged; all other residues were initially mutated to alanines. Rotamers were then modeled using the WHATIF backbone-dependent rotamer libraries. At each position, rotamer quality was checked by hydrogen bonding, van der Waals bumps, and packing quality. The resulting model was energy minimized using the steepest descents algorithm in the GROMOS87 suite of programs (van Gunsteren and Berendsen, 1987) . Calculations were performed in vacuo with crystallographic waters using the GROMOS reduced charges forcefield. All GROMOS calculations included positional restraints on the C␣ atoms to the coordinates from PDB entry 1ADS (force constant, 9000 kJ mol −1 nm −2 ). NADPH was included in the calculations, using the standard topology included with GRO-MOS87. After energy minimization, 5 ps of molecular dynamics at 300 K was performed to relax the structure further. This was followed by conjugate gradient energy minimization until no significant energy difference could be observed. Pictures were made with Bobscript (Esnouf 1997) and Raster3D (Bacon and Anderson 1988) .
Expression and Purification of Recombinant Proteins
PCR was performed on gecko total-eye cDNA using Pwo DNA polymerase (Boehringer Mannheim). The 5Ј primer CAT ATG AAC ACC TAC GTG GAG ATG was used, which included an NdeI site (bold) and the coding region for residues 1-7 of B-crystallin. The reverse primer CGC GGA TCC TTA RTA RTC NAC RTG RAA NGG RTA YTC (residues 308-315) ended with a stop codon followed by a BamH1 restriction site (bold). For sequence determination, the PCR product was ligated in a pGEM7Zf(+) vector (Promega). The construct was then digested with NdeI/BamH1 and ligated in a pET3a expression vector (Novagen). Mutant Y298C (TAT → TGT) was derived from the wild-type B cDNA construct using the QuickChange Site-directed mutagenesis kit (Stratagene). Human aldose reductase cDNA, in the Novagen pET 11a expression vector, was kindly provided by Dr. D. Carper (NIH, Bethesda, MD). Recombinant proteins were induced in BL21(DE3)pLys cells as described earlier (Smulders et al. 1995) . Bacterial cells from a 1-liter culture were pelleted, washed with 20% sucrose, 10 mM Tris, pH 7.5, and resuspended in 10 ml distilled water. After centrifugation (5000g, 20 min) the recombinant proteins were present in the supernatant. Samples were first fractionated over a DEAE ion exchange column (Smulders et al. 1995) , and nucleotide cofactor-binding proteins then further purified using a Blue Sepharose CL-6B column (Pharmacia). Bound material was eluted from the column using a solution of 20 mM Tris, pH 7.5, 10 mM NADPH (Sigma).
Enzyme Assays
Enzymatic activities of B-crystallin, mutant Y298C, and human aldose reductase were determined using glyceraldehyde or benzaldehyde as a substrate. The assay was essentially performed as described by Hayman and Kinoshita (1965) with 50 mM KP i , pH 6.0, 5 mM ␤-mercaptoethanol, 0.1 mM ␤-NADPH, and 10 mM DL-glyceraldehyde or benzaldehyde. Measurements were performed in a volume of 1 ml, which contained 30-300 l from a protein stock solution of 250 g B-crystallin, Y298C-mutant, or human aldose reductase per ml. The decrease in absorpton at 340 nm was used as an indicator for the consumption of cofactor.
Results
Evolutionary Relationships of B-Crystallin
The full-length cDNA sequence of B-crystallin was determined by RT-PCR and 5Ј-RACE on gecko total-eye RNA and the translated protein sequence is presented in Fig. 1 (top line) . This confirmed the presence of the previously determined peptide sequences of Bcrystallin (Röll et al. 1995) . Searching the protein databases with the B-crystallin sequence resulted in the identification of 65 significantly related proteins. An initial alignment and phylogenetic tree constructed from these sequences (not shown) confirmed that this superfamily of proteins, the aldo-keto reductases, is highly divergent, with multiple representatives in diverse proand eukaryotes. However, most vertebrate sequences clustered together, as observed earlier (Jez et al. 1997; Seery et al. 1998 ). Therefore, a better alignment and consequently more reliable tree could be made by taking only the vertebrate aldo-keto reductases, leaving out some sequences that differed from others at just a few positions. The remaining 25 vertebrate sequences were aligned, of which a sampling of the most divergent representatives is given in Fig. 1 , together with 2 plant and 2 yeast sequences. The plant and yeast sequences were the most closely related nonvertebrate aldo-keto reductases in the original data set and, therefore, best suited for use as outgroups in constructing phylogenetic trees. The resulting tree (Fig. 2) confirms that the mammalian aldoketo reductases separate into three old and distinct lineages: the aldose reductases, the aldehyde dehydrogenases, and the hydroxysteroid dehydrogenases (Jez et al. 1997; Seery et al. 1998) . The finding that these three lineages do not form a separate clade relative to the yeast and plant aldo-keto reductases indicates that their divergence preceeded the divergence of animals, fungi, and plants. It is clear that gecko B-crystallin strongly groups with the mammalian aldose reductases, whereas frog -crystallins group among the hydroxysteroid dehydrogenases, as noted earlier (Fujii et al. 1990; Lu et al. 1995) . However, B-crystallin would not appear to be the overexpressed lens version of a gecko housekeeping aldose reductase, because B-crystallin does not display the characteristic aldose reductase activity (see below). It thus may have arisen by gene duplication of a functional aldose reductase gene. If so, this duplication likely has been a relatively recent event in the gecko lineage, considering the conservation of most functionally important sites, as discussed below. However, since we were unable to amplify and sequence a possible gecko orthologue of mammalian aldose reductase, it cannot be excluded that B-crystallin actually is the gecko aldose reductase, which then has different substrate specificities compared with mammalian aldose reductase.
Structurally and Functionally Important Residues in B-Crystallin
To assess the conservation in B-crystallin of structurally and functionally important features of the aldo-keto reductase superfamily, we align in Fig. 1 its sequence with nine most divergent representatives of the major clades in Fig. 2 . Moreover, to understand the functional For full names, database accession numbers, and EC numbers, see the legend to Fig. 2 .
Sequence positions are numbered according to the usage for aldose reductases (Jez et al. 1997) . Black and gray: residues that are identical or highly conserved, respectively, compared to B-crystallin. The residues of the aldo-keto reductase substrate pocket; (*) active-site residues. Previously determined peptide sequences of B-crystallin comprised 88 residues (Röll et al. 1995) .
These differed at two positions (Lys-29 and Ser-226) from the present one, probably due to misinterpretations of PTH amino acid analyses.
effects of the amino acid replacements in B-crystallin, its tertiary structure was modeled using human aldose reductase (Borhani et al. 1992) as the template (Fig. 3) . The aldo-keto reductases share an (␣/␤) 8 -barrel fold, where eight parallel ␤-strands each alternate with an ␣-helix running antiparallel to the stands (Wilson et al. 1992 ). Short loops between the ␣-helices and the ␤-strands maintain the shape of the barrel scaffold, while three large loops (designated A, B, and C in Figs. 1 and  3A ) on the C-terminal side of the barrel are thought to tailor the substrate specificity (Jez et al. 1997) . A large number of mutations is located in the nicotinamide cofactor-and substrate-binding cleft of Bcrystallin (Fig. 3A) . The positions forming the cofactorbinding pocket (Jez et al. 1997 ) are indicated by a ↓ in Fig. 1 . Residues Lys-262 and Arg-268 are especially important for forming salt bridges and hydrogen bonds with the 2Ј-phosphate group of NADPH. This is the phosphate group that distinguishes NADPH from NADH. The conservation of Lys-262 and Arg-268 in B-crystallin thus should make it, like aldose reductase, an NADPH-rather than an NADH-binding protein.
Compared with mammalian aldose reductases, Bcrystallin has three mutations (209 Tyr → His, 212 Leu → Phe, and 264 Val → Asp) that are located in the actual pocket (Fig. 3B) . In aldose reductase, Tyr-209 is stacked against the nicotinamide ring. On the other side of the ring is the proton donor Tyr-48. The replacement 209 Tyr → His in B-crystallin might influence the electrostatic environment in the active site and, thus, the relative affinities for NADP and NADPH. Asp-264 or any other charged residue at this position has not been observed in any aldo-keto reductase (Jez et al. 1997) . The introduction of a negative charge in the cofactor-binding pocket by the replacement 264 Val → Asp could have been relevant for the relative binding affinities of Bcrystallin for NADH and NADPH. However, the introduction of a positive charge by the adjacent replacement 265 Thr → Lys in B-crystallin is likely largely to compensate such a possible effect.
Also, the replacement 298 Cys → Tyr in B-crystallin is in close proximity to the cofactor and may affect its binding. In aldose reductase, Cys-298 stabilizes the closed conformation of a nucleotide-enfolding loop that locks the coenzyme into place (Borhani et al. 1992; Grimshaw et al. 1995a ). The sulfhydryl moiety of Cys-298 is directed into the catalytic center of the protein, where it is in close contact with the C4 position of the nucleotide cofactor (Wilson et al. 1992; Bohren et al. 1994; Harrison et al. 1994) . The conformation of Tyr-298 in B-crystallin is uncertain because of the larger side chain, although hydrogen bonding, rotamer preferences, and packing considerations taken together prefer an inward-pointing side chain. This would result in very close interaction with the O2 oxygen of the nicotinamide phosphate group and, if true, might interfere with cofactor binding.
Although most of the residues in the hydrophobic substrate pocket of B-crystallin have been altered (Fig.  3A) , analysis of the surface potential in and around the pocket revealed that this hydrophobicity has been conserved in B-crystallin (data not shown). In the substratebinding cleft of the various aldo-keto reductases, three structural components can be distinguished: the activesite residues (Asp-43, Tyr-48, Lys-77, His-110), the residues located at the edge of the active site (Ala-45, Leu-47, Trp-79, Phe-111), and residues from the loops A, B, and C that form the sides of the cleft (all indicated by a ᭺ in Fig. 1 ) (Bacon and Anderson 1988) . Tyr-48 acts as the proton donor, being positioned through hydrogen bonds by Asp-43 and Lys-77 . His-110 is essential for the stereochemical orientation of substrates in the active-site pocket ). All four active-site residues are conserved in B-crystallin. Two of the four residues at the edge of the active site, 47 Val → Leu and 111 Trp → Phe, which are considered to be included in the substrate-binding site (Jez et al. 1997) , are conservatively replaced in B-crystallin.
As for the residues from loops A, B, and C that form the sides of the substrate cleft, B-crystallin deviates considerably from the mammalian aldose reductases. The three residues in loop A that line the pocket are all replaced. In loop B, B-crystallin has an insertion of three residues, right next to the pocket-lining Leu-219 and resulting in an extension of this pocket. Loop B is important for substrate binding by acting as a movable lid covering the substrate pocket (Wilson et al. 1992 ). It undergoes a conformational change upon cofactor binding of aldose reductase, representing the rate-limiting step in the reaction pathway (Borhani et al. 1992 ). The insertion might thus alter the substrate specificity. The mobility of loop B was confirmed by essential dynamics (Amadei et al. 1993; van Aalten et al. 1997) , applied to aldose reductase crystal structures (data not shown). This showed large concerted motions especially of loop B, together with loops A and C, opening and closing the substrate binding pocket and active site.
The three pocket-flanking residues in loop C are all replaced in B-crystallin: 298 Cys → Tyr, 300 Leu → Met, and 302 Ser → Pro. Cys-298 is especially important because it has a marked influence on the kinetic properties of aldose reductase Carper et al. 1995) . In addition to its involvement in cofactor binding (see above), Cys-298 is in close contact with the hydroxyl group of the active-site residue Try-48 and lowers its pK a , thus facilitating proton donation (Grimshaw et al. 1995b) . Indeed, oxidation of Cys-298 by glutathione or cysteine adversely affects enzymatic functioning (Cappiello et al. 1996) . The replacement 298 Cys → Tyr might therefore influence the enzymatic activity of Bcrystallin.
Properties of Recombinant B-Crystallin and Its Mutant Y298C
The absence of increased aldose reductase activity in the gecko lens extract (Röll et al. 1995) , and the abovedescribed alterations in the cofactor-and substratebinding cleft of B-crystallin, prompted an analysis of its enzymatic properties. Recombinant B-crystallin was produced and tested in enzyme assays as described under Materials and Methods. Because the mutation 298 Cys → Tyr appeared to be one of the most suspect replacements, we also analyzed the revertant mutant Y298C. Both recombinant proteins were expressed in E. coli and isolated with Cibacron Blue F3G-A Sepharose affinity chromatography, which binds enzymes requiring adenylyl-containing cofactors. The binding of Bcrystallin and its mutant Y298C to this column confirms the conservation of the cofactor-binding ability of Bcrystallin.
Enzymatic assays with wild-type and mutant Bcrystallin were performed, including similarly isolated recombinant human aldose reductase as a positive control (Fig 4) . Glyceraldehyde and benzaldehyde were used as representative aliphatic and aromatic substrates, respectively. With both substrates, human aldose reductase displayed a strong decrease in absorption at 340 nm, indicative of the consumption of cofactor and, hence, enzyme activity. In contrast, not only the wild-type Bcrystallin, but also the mutant, shows only small decreases in absorption, indicative of just residual activities toward these two substrates. This confirms the outcome of our preliminary activity measurement in crude gecko lens extract (Röll et al. 1995) and demonstrates that not the mutation 298 Cys → Tyr per se but also other features of B-crystallin must be responsible for the nearabsence of aldose reductase activity.
Discussion
Our phylogenetic analysis (Fig. 2) reveals that, within the aldo-keto reductase superfamily, gecko B-crystallin groups with the aldose reductases, and frog -crystallin with the hydroxysteroid dehydrogenases. Consequently, -and B-crystallins are not orthologous proteins but probably arose by different gene duplication events. Duplications must have been quite common in the aldo-keto reductase superfamily, as each tissue appears to have its own set of these enzymes for maintaining specific func- tions (Qin and Cheng 1994) . It is intriguing, though, that two enzyme-crystallins have been recruited independently from the aldo-keto reductase superfamily. This may relate to the fact that the aldo-keto reductases include various proteins that are readily induced in response to exogenous factors (Jez et al. 1997) . Notably, too, the mammalian aldose reductase gene is inducible by hyperosmotic stress (Crabbe and Goode 1998) . A promoter that is inducible by stress or other exogenous factors appears to be an apt feature for genes that, during evolution, are recruited for high expression in the eye lens (de Jong et al. 1994) . The separate recruitment of B and from the aldo-keto reductase superfamily is reminiscent of the recruitment of various members of the aldehyde dehydrogenase superfamily as crystallins in both vertebrate and invertebrate lenses (Wistow 1995) . One of these, -crystallin, is an active enzyme of retinoic acid biosynthesis. Considering the potent effects of retinoic acid, this certainly would seem a hazardous enzyme for the lens. However, the overexpression of -crystallin obviously is without deleterious effects. It remains an intriguing question how lens metabolism copes with the presence of such abundantly expressed enzymes.
Similar to frog -crystallin (Fujii et al. 1990 ), Bcrystallin also has no as yet identifiable enzymatic activity, but retained cofactor binding. Almost all research on aldose reductase activity makes a division in aromatic and aliphatic substrates. Given this fact, we have tested glyceraldehyde as an aliphatic substrate and benzaldehyde as an aromatic compound. Both substrates showed no activity for B-crystallin but were readily converted by human aldose reductase (Fig. 4) . We cannot exclude any enzymatic activity of B-crystallin for other substrates but can safely assume absence of activity for the most obvious substrate candidates. However, it should be emphasized that the actual in vivo substrates and catalytic functions of the aldose reductases remain unclear (Crabbe and Goode 1998) . Therefore, although Bcrystallin is probably not the gecko orthologue of mammalian aldose reductase, it certainly is possible that it has other substrate specificities. This is the more likely since the active-site residues are present, and no sequence changes have occurred that a priori exclude enzyme activity. Despite a considerable number of replacements, the substrate-binding pocket is still largely hydrophobic. However, the shape of the pocket might have changed by the different side chains, especially by the insertion of three extra residues in the B loop. Also, changes in the interactions with the cofactor have occurred, at both the nucleotide and the nicotinamide end, and may result in an altered nucleotide preference.
It is possible, therefore, that B-crystallin, if enzymatically active at all, performs functions different from those of mammalian aldose reductase and with different substrate specificities. It could, like other active enzymecrystallins, have some as yet unidentified housekeeping role in the gecko. However, the apparent absence of Bcrystallin in gecko liver makes this option less likely; using our B-crystallin primers, we were unable to obtain amplification on total liver cDNA (data not shown). The most likely evolutionary scenario, then, is that the housekeeping aldose reductase gene in this particular gecko lineage became, by chance mutations, upregulated in the lens. A subsequent gene duplication may then have allowed that the product of one of the gene copies lost or altered its enzymatic properties, while remaining suitable for functioning as a lens protein. L. lugubris is active primarily in the dark and, thus, is not exposed to intense solar radiation. This makes it questionable whether the presence of B-crystallin has any selective advantage for the animal in protecting against radiation damage, as proposed for other nucleotide cofactor-binding enzymecrystallins (Rao and Zigler 1992; Wistow et al. 1987) . For the time being, it thus remains elusive whether Bcrystallin originated as a selectively advantageous character or rather by neutral evolutionary processes, allowing it to be maintained as long as the protein is compatible with proper lens functioning.
